Gametophytes of Asplenium foreziense and related taxa have been studied by culture of spores on mineral agar and soil. Those of A. obovatum ssp. obovatum var. protobillotii and var. deltoideum, ssp. numidicum, and of A. macedonicum are described for the first time. Gametophyte development follows the Adiantum type in the A. obovatum group, and the Aspidium type in A. fontanum. Both types of development have been found in A. foreziense, depending on the sporophytic sample. The taxa with hairy gametophytes show significant differences in hair density. As in most of the homosporous ferns, antheridia are formed first and in a high proportion of gametophytes in the A. obovatum group and in A. fontanum, except for one sample; most of these male gametophytes become bisexual. In A. foreziense and A. macedonicum archegonia are formed first or at the same time as antheridia, but the proportion of female gametophytes is higher than in the other taxa; some of the gametophytes become bisexual, most of them differentiated from the female ones.
INTRODUCTION
Asplenium foreziense Legrand ex Hérib. is an allotetraploid derived by polyploidization after hybridization of two diploids, A. obovatum Viv. ssp. obovatum and A. fontanum (L) Bernh. (Sleep, 1967 (Sleep, , 1983 . For A. fontanum, two subspecies have been proposed (Reichstein & Schneller, 1982) , ssp. fontanum from Europe and North Africa, and ssp. pseudofontanum (Kossinsky) Reichst. & Schneller from the Himalaya. The sporophytic characters are very similar in both subspecies, the disjunct area being the main reason for their taxonomic differentiation. The complex A. obovatum, of Mediterranean, Atlantic and Macaronesian distribution, was studied by Demiriz, Viane & Reichstein (1990) , who recognized a diploid subspecies, ssp. obovatum with three varieties (obovatum, protobillotii Demiriz, Viane & Reichst. and deltoideum Demiriz, Viane & Reichst.) , and a tetraploid one, ssp. lanceolatum (Fiori) P. Silva (= A. billotii F. W. Schultz) . In this group of taxa, differences in the morphology of the sporophytes with regard to frond outline and shape of foliar segments and teeth are evident. A different taxon from North Africa, tetraploid and also related to this group, is treated by some authors (Battandier & Trabut, 1902; Maire, 1952; Salvo et al., 1992) as A. obovatum ssp. numidicum (Trab.) Salvo & Cabezudo. Other authors treated (Becherer, 1935) or suggested (Rumsey & Vogel, 1996) A. obovatum ssp. numidicum as synonymous with A. foreziense. A. foreziense is present in scattered populations in the western Mediterranean region. Based on subtle sporophytic differences of Macedonian populations, A. macedonicum was described as a different species by Kümmerle (1916) but its validity is now rejected (Viane, Jermy & Lovis, 1993) . Although systematic studies on ferns are mainly based on sporophytes, gametophytic characters have been used in some cases and can contribute to a better understanding of fern evolution (Stokey, 1951; Miller, 1968; Nayar & Kaur, 1971; Atkinson, 1973; Windham & Haufler, 1986) . The gametophyte generation of this Asplenium group has been studied (Momose, 1960; Henriet, 1970; Henriet, Auquière & Moens, 1976; Prada et al., 1996) . Most of these studies have focused on gametophyte development and morphology; only a few data on reproductive biology were obtained, even the morphology of some of the recognized taxa was not known.
Our purpose has been to complete the study of gametophyte morphology of this group of taxa and evaluate the taxonomic implications of morphological characters and to study gametangial ontogeny and sexual expression under laboratory conditions.
MATERIAL AND METHODS
Spores for gametophyte cultures were obtained from the collections indicated in the Appendix. Each spore sample for cultures was taken from a single sporophyte. Voucher specimens are deposited in the MACB herbarium (Herbarium of the Facultad de Biología de la Universidad Complutense de Madrid).
Spores were sown on mineral agar (Dyer, 1979) in 6 cm diameter Petri dishes for the study of germination rate, early stages of gametophyte development, and as a source of young presexual prothalli. Cultures were sampled every two days during the first month after sowing. Each sample was also sown on sieved soil (a 3 : 1 mixture of compost and sand), sterilized in a stove at 120°C for 2 h to prevent germination of spores from the natural spore bank, and rehydrated in the Petri dishes in order to complete the morphological study and obtain mature prothalli. Sowings of each sample were replicated twice on both agar and soil media to produce enough gametophytes for sampling. The dishes were kept in a growth chamber at 20°± 2°C, under 12 h of illumination with white fluorescent tubes (28 mE m -2 s -1 )/12 h of dark. Soil cultures were watered once a week.
Random samples of approximately 50 gametophytes of each culture on soil were taken weekly after reaching the bidimensional stage, stained with chloral hydrate acetocarmine (Edwards & Miller, 1972) , mounted in water, and observed under a light microscope to complete the morphological study of prothalli in their different stages of development. In hairy prothalli, length and density of marginal hairs were measured on mature female or bisexual gametophytes (4-5 mm wide). Length was calculated, using a light microscope, by measuring three hairs in each of ten different gametophytes (30 measurements) from each culture. Density (number of hairs mm To study the ontogenetic sequence of gametangia and sex expression, 50 presexual prothalli were transplanted from agar cultures to Petri dishes with soil prepared as indicated above. Prothalli were planted in a regular pattern to achieve a homogeneous density (c. 1 prothallus 0.50 cm 
RESULTS SPORE GERMINATION, DEVELOPMENT AND MORPHOLOGY OF GAMETOPHYTES
Spore germination started 5-17 days after sowing, depending on the age of the sample, i.e. the time between collection and sowing. Spores from recently collected sporophytes required, in general, less time to germinate and reached higher percentages of germination than the ones obtained from sporophytes collected earlier (Table 1) . Spore germination is of the Vittaria type (Nayar & Kaur, 1968) ; the spore cell grows and emerges from the lesure. The first division parallel to the equatorial plane of the spore separates a small hemispherical cell. The first rhizoid usually emerges from the basal cell. Successive divisions produce a germ filament with 1-6 cells.
The bidimensional phase started between 15 and 20 days after germination, following the Adiantum type of development (Nayar & Kaur, 1969 , 1971 ) in all taxa except in A. fontanum and in most of the samples of A. foreziense (AH115F, BUF10 and FRA2). This type of development is characterized by the formation of an oblique wall in the terminal cell of the filament; a cuneiform cell is differentiated, from which, after several divisions, a meristem is formed. Later a symmetrical, cordate and naked plate is produced (Figs 1A-G, 2), which is very similar in all the taxa of this group.
In both subspecies of A. fontanum and in most of the samples of A. foreziense gametophyte development follows the Aspidium type (Nayar & Kaur, 1969 , 1971 , in which there is an early formation of a hair in the young gametophyte 3, 4) ; new hairs are formed as the gametophyte grows. Mature gametophytes bear hairs on the surface and margins; most of the hairs are unicellular, cylindrical, and of the papillose type (Stokey, 1951) , sometimes wider at the base. Bicellular hairs are common in A. fontanum ssp. fontanum (Fig. 3) and occasionally tricellular ones (sample BAI14). In the hairy samples of A. foreziense unicellular and bicellular hairs are also produced (Fig. 4) . A. fontanum ssp. pseudofontanum only has unicellular hairs. The apex of the hairs on fresh gametophytes always shows an exudate that is of unknown function and composition (Fig. 5) .
As in A. foreziense, hairy and naked gametophytes were found depending on the sporophytic individual, we repeated new sowings using six additional individuals from population CAB and nine from population FRA. The gametophytes obtained from CAB were hairy in five samples and naked in one; in contrast, all gametophytes from FRA were hairy.
The taxa with hairy gametophytes frequently show the lateral wings with an irregular outline due to the proliferation of cells in rows of decreasing size that normally end in a unicellular or bicellular hair (Fig. 6) . In mature prothalli some of the hairs become empty and detach from their base leaving a scar in the supporting cell (Fig. 7) . A similar situation was reported for A. trichomanes ssp. trichomanes (Herrero et al., 1993) , but in this case the gametophytes do not become naked.
Hairy gametophytes in this group of taxa have different density of hairs; in the margin of the prothalli , respectively. We also found a higher frequency of bicellular hairs in A. foreziense (Table 2) . Length of marginal hairs is different among taxa, but this is a variable character. Asplenium fontanum tends to have shorter hairs than A. foreziense (Table 3) .
Mature prothalli in all taxa of this group show a sexual dimorphism (Fig. 8) . Male gametophytes are spatulate and usually lack the apical notch; they are smaller and more irregular in shape than the female and bisexual ones (Fig. 9) . The last two sexual types are very similar, cordate and with an evident apical notch (Figs 10, 11) . When bicellular hairs are present, they are formed in higher proportion on female and bisexual gametophytes than on the male ones (Table 2) .
GAMETANGIAL ONTOGENY AND SEX EXPRESSION
Gametophytes started to show sex expression between 61 and 82 days after sowing (Fig. 12) . Male gametangia were produced before or at the same time as the female ones. In A. fontanum and A. obovatum (except in sample VAR7 of var. obovatum), male gametophytes were differentiated in a high proportion ranging from 74 to 100%; depending on the sample, between 46 and 88% of male gametophytes became bisexual. In six samples of these taxa a small proportion of female gametophytes was formed; half remained as females but the other half became bisexual so that by the end of the period of observation three types of gametophyte coexisted (Table 4) .
In A. foreziense and A. macedonicum the progression of sex expression differed as female prothalli were produced in higher proportions than the male ones; these proportions ranged from 32 to 94%. In sample J1 of A. macedonicum antheridia and archegonia were formed simultaneously in 56% of the prothalli. With the exception of sample J1, bisexual gametophytes were produced in lower proportions than in A. fontanum and A. obovatum, and they arose mainly from the female ones (Table 4) . At the end of the observation period the three sex expressions coexisted. Similar behaviour was observed in sample VAR7 of A. obovatum var. obovatum ( Fig. 12; Table 4 ).
DISCUSSION
The viability of spores in pteridophytes is very variable depending on the taxa and storage conditions. Lloyd & Klekowski (1970) indicated a mean of 2.8 years for the species of ferns with nongreen spores kept under ordinary storage conditions. It is also a common fact that in old spores, percentages of germination decrease and gametophytes obtained from them can show abnormalities in their growth pattern (Raghavan, 1989) . The viability of spores in the group of taxa studied agrees with the behaviour expected for this kind of fern. Some of the samples exceeded the average of life span indicated as shown above; in the case of sample Ras-610 of A. obovatum var. protobillotii and sample J2 of A. macedonicum, more than 6 and 14 years old, respectively. Percentages of germination in these samples were lower than in most of the younger ones, but we have not observed abnormalities in the gametophytes obtained.
Gametophytes in this group of taxa show two main morphologies, naked in A. obovatum and hairy in A.
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Figures 2-7. Detail of margin of mature gametophytes. Fig. 2 . Asplenium obovatum ssp. obovatum var. obovatum. Scale bar = 50 mm. Fig. 3 . A. fontanum ssp. fontanum. Scale bar = 50 mm. Fig. 4 . A. foreziense. Scale bar = 50 mm. fontanum. Only in A. foreziense have both types of gametophytes been found depending on the sporophyte from which spores were taken. The presence of hairs in gametophytes is usually a fixed character; we only know the case of A. trichomanes ssp. quadrivalens for which hairy and naked gametophytes were described, and which were produced by the same parent sporophyte (Herrero et al., 1993) . The sample of A. foreziense studied by was of the hairy type and they interpreted this character as inherited from its parent A. fontanum. From our results, it seems that the most frequent morphology in this taxon is the hairy one, as in its parent A. fontanum, but with a lower density of hairs. However, some plants can show the morphology of the other parent, A. obovatum ssp. obovatum. Gametophyte characters in these taxa are of taxonomic value. The information provided by the gametophytes support the taxonomic scheme accepted at present. The A. obovatum group is very homogeneous with regard to gametophyte morphology, and all the taxa discussed as belonging to this group coincide in their gametophyte characters. The same is true for A. fontanum ssp. fontanum and ssp. pseudofontanum, where only the subtle difference of lacking bicellular hairs in the samples studied of the latter taxon is noted. The samples of A. macedonicum studied were of the naked type, which is not the most common type in A. foreziense; however, as we found both gametophyte morphologies in individuals from the same population of A. foreziense, nothing can be concluded as to the identity of these taxa, particularly if their similar behaviour in the sexual expression is taken into account. In addition, a morphological (Herrero, 1998) and isozyme electrophoretic (Herrero, Pajarón & Prada, 2001 ) study of sporophytes of this group, demonstrated the identity of both taxa, as well as the correct inclusion of A. obovatum ssp. numidicum in the A. obovatum group instead of being related to A. foreziense.
Regarding the ontogenetic sequence of gametangia, A. fontanum and A. obovatum are characterized by a high proportion of male gametophytes which become bisexual; this is the most general situation for homosporous ferns (Atkinson & Stokey, 1964) . Following Klekowski (1969) , this sequence would favour intragametophytic selfing whereas in A. foreziense and sample VAR7 of A. obovatum var. obovatum the presence of a high proportion of female gametophytes would favour intergametophytic crossing. Deductions on mating systems based on ontogenetic sequences of gametangia are not possible in this case, despite evident higher or lower probability for any of the systems depending on the sexual composition of the gametophyte progeny.
Fern mating systems are complex and can vary among species and among populations within species (Soltis & Soltis, 1987 
